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Abstract
Lake Delhi was formed in 1929 when the Interstate Power Company dammed the Maquoketa River near Delhi, Iowa, for generation of hydroelectric power. The resulting 450-acre lake became a popular area in eastern Iowa for boating, swimming, and fishing. Hydroelectric power generation ended in 1973, and lakeside residents purchased the dam to maintain the recreational opportunities of the lake. Increasing concerns about sediment deposition and water quality by lakeside residents led to a 2-year study that included a bathymetric survey, an assessment of sediment quality, and an assessment of water quality of Lake Delhi.
A bathymetric map of Lake Delhi was constructed using more than 300,000 data points from echo sounding results and GIS (geographic information system) software. Results of bathymetric mapping showed that the upstream reach through most of the upstream-middle reach of Lake Delhi (approximately 3 miles) from about 0.25 mile upstream from the Greenslades coring site through Clair View Acres were particularly affected by sedimentation, with water depths ranging from less than 1 foot to a few areas that were as much as 10 feet deep. Numerous areas in the upstream-most 1-mile of the lake (about 0.25 mile upstream from the Greenslades coring site to just downstream from The Cedars coring site) had depths of only 1 to 2 feet and were nearly impassable by boats. The middle reach of Lake Delhi (an approximately 2.5-mile segment) from about one-half mile upstream from the Linden Acres coring site to just downstream from the Hartwick Dredge coring site was less affected by sedimentation with water depths from less than 1 to 16 feet. The deepest section (26 feet) of the lake was near the dam.
Eleven trace metals and phosphorus were analyzed in 20 samples from seven lake-bottom sediment cores. The median and average traceelement concentrations from the sediment cores were less than the U.S. Environmental Protection Agency threshold-effects-level and probableeffects-level guidelines for toxic biological effects. Water-quality samples from eight sites (Maquoketa River, three lake sites, and four tributaries) were collected for five sampling periods (June 2001 -July 2002 . Water-quality samples were analyzed for physical properties (specific conductance, pH, temperature, turbidity, dissolved oxygen, and alkalinity), nutrients (nitrate, ammonia, and phosphorus), bacteria (total coliform and E. coli), and suspended sediment. Selected water samples were analyzed for major ions, trace elements, and pesticides.
Water-quality sampling results indicate areas affected by elevated nutrient and bacteria concentrations in the lake and tributary streams. The tributary streams had the highest median nitrate concentrations (12.1 milligrams per liter) when compared to median nitrate concentrations in the lake (8.7 milligrams per liter) or the Maquoketa River (10.5 milligrams per liter). The maximum nitrate concentrations detected for Maquoketa River, lake, and tributary sites were 13.5, 13.5, and 18.6 milligrams per liter, respectively. Nitrate concentrations in the late summer decreased from the upstream (7.8 milligrams per liter) to the downstream (5.0 milligrams per liter) one-third of Lake Delhi and most likely were the result of uptake of nitrate by algae and aquatic biota in the lake. Median concentrations of total coliform and E. coli bacteria for the lake sites were 450 and 17 colonies per 100 milliliters of sample, respectively. The U.S. Environmental Protection Agency criteria for full body contact (swimming or bathing) are 200 colonies per 100 milliliters for fecal bacteria and 126 colonies per 100 milliliters for E. coli bacteria. The highest bacteria concentrations in the lake occurred after a rain and were 25,000 colonies per 100 milliliters total coliform and 1,900 colonies per 100 milliliters E. coli.
INTRODUCTION
Lake Delhi (Federally recognized as Hartwick Lake) was formed in 1929 when the Interstate Power Company dammed the Maquoketa River to build a hydroelectrical generating plant. The local name "Lake Delhi" was adopted in recognition of the nearby town of Delhi, Iowa. The resulting 450-acre lake became a popular area in eastern Iowa for boating, swimming, and fishing. Hydroelectric power generation ended in 1973, and lakeside residents formed the Lake Delhi Association. The Lake Delhi Association purchased the dam to maintain the recreational opportunities of Lake Delhi.
Since 1973, the increased population around Lake Delhi, the increased recreational use, and possible contaminant inputs (point and nonpoint sources) are of concern to lake users. In particular, inputs of nutrients (nitrate, ammonia, and phosphorus), sediment, and bacteria can negatively affect water quality and recreational users of Lake Delhi. An assessment of the bathymetry (depth to lake bottom), sediment quality, and water quality of Lake Delhi are the main areas of concern that have been identified by the Lake Delhi Association board and lakeside residents. Documenting baseline concentrations of nutrients, sediment, and bacteria is a first step in understanding the effects of contaminants on Lake Delhi now and for monitoring changes in the future.
Several studies in eastern Iowa have identified nutrients as a major contaminant of concern in impairing water quality (Goolsby and Battaglin, 1993; Hallberg and others, 1996; Schnoebelen and others, 1999; Kalkhoff and others, 2000; Becher and others, 2001 ). In addition, the increased concentrations of nitrogen and phosphorus from Iowa streams are discharged to the Mississippi River and have been linked to the occurrence of hypoxia (low-oxygen zone) in the Gulf of Mexico (Turner and Rabalais, 1994; Goolsby and others, 1999) . Even though these previous studies in eastern Iowa have not focused directly on Lake Delhi, results from these studies may be applicable to the lake. Nitrogen and phosphorus are compounds that can occur naturally in ambient stream and lake water but generally at low concentrations (less than 5 mg/L for nitrogen and less than 1 mg/L for phosphorus). High concentrations of nitrogen (5-25 mg/L) and phosphorus (greater than 1 mg/L) in streams and lakes can be the result of increased discharges from wastewater plants, leaking septic tanks, fertilizer runoff, livestock production, and soil erosion. Each of these potential sources is present in the Lake Delhi watershed or upstream from Lake Delhi. The city of Manchester (population 5,308; State Library of Iowa, 2000) wastewater plant is approximately 6 mi upstream from Lake Delhi, all lakeside residents use septic tanks, and there are numerous farms and livestock in the watershed. Riparian zones along the tributaries are often small (less than 200 ft wide) in the Lake Delhi watershed, and in many places agricultural land adjoins streams. High concentrations of nitrogen and phosphorus in streams and lakes can contribute to increased aquatic plant growth and eutrophication which degrade recreational use.
Lakeside residents typically identify sediment (or sediment deposition) as a constituent of most concern to recreational use. Sediment often is mentioned by residents because it is readily visible in the water column. The Iowa Department of Natural Resources lists sediment as the number one contaminant in rivers and lakes of Iowa (Iowa Department of Natural Resources, 1994) . Long-time lakeside residents report areas of the lake that are no longer navigable by boats because the water is too shallow. The Lake Delhi Association has discussed dredging and installation of sediment traps in the upstream part of the lake. Establishing baseline conditions of the bathymetry of Lake Delhi are important if future dredging does occur. If dredging does occur, the availability of historical baseline conditions would allow future bathymetric mapping to determine the amount of sediment deposition that has occurred by comparing new bathymetric maps to previous bathymetric maps.
Sediment quality is another area of concern before dredge work could begin. Trace metals, such as chromium and lead, often accumulate in lake-bottom sediments, and knowing the concentration of these metals in the lake-bottom sediments is important before dredging begins. Work on assisting farmers in implementing soil erosion control practices in the watershed has begun by the Lake Delhi Recreation Association, the Maquoketa River Water Quality Team, the Iowa Waste Reduction Center of the University of Northern Iowa, the Natural Resources Conservation Service (NRCS), and the Delaware County Soil and Water Conservation District (SWCD).
Increasing bacteria levels are of concern to those using Lake Delhi. In recent years elevated "indicator bacteria" levels in several Iowa streams and lakes have resulted in the closing of some beaches (Iowa Department of Natural Resources, 2003) . Because of the difficulties analyzing for and detecting many diseasecausing organisms, "indicator bacteria"-fecal coliform, total coliform, and E. coli bacteria-are used as the primary means of identifying fecal contamination. Pathogens causing many diseases live in the intestines of warmblooded animals and are passed along in feces. An increase in the concentrations of indicator bacteria above U.S. Environmental Protection Agency (USEPA) criteria in lake water may indicate the presence of pathogens. Water-borne pathogens can cause ear or skin infections and gastrointestinal illnesses. Data from water samples analyzed for indicator bacteria (total coliform and E. coli) are important information for residents that swim or water ski in Lake Delhi.
To address the concerns of water managers and users of Lake Delhi, the U.S. Geological Survey (USGS), in cooperation with the Iowa Waste Reduction Center, University of Northern Iowa, and the Lake Delhi Association conducted a study of the bathymetry, sediment quality, and water quality of Lake Delhi from 2001 through 2002.
Purpose and Scope
The purpose of this report is to describe results of a study to map the depth of Lake Delhi and to assess sediment quality and selected water-quality constituents of Lake Delhi. Figure 1 shows the location of Lake Delhi and lake-bottom core and water-quality sampling sites. The sediment-quality information from the cores provide a better understanding of selected trace-metal constituents in the lake-bottom sediments, and the water-column samples provide information on nutrients and bacteria with selected information on major ions, trace elements, and pesticides.
The bathymetric map can be used to identify possible dredging locations and to establish baseline lakebottom conditions both before and after dredging. Selected trace-element concentrations from lakebottom cores collected in September 2001 were analyzed to assess the quality of lake-bottom sediments. Water-quality samples were collected during June 2001 through July 2002 from the Maquoketa River, Lake Delhi, and four small tributaries to assess concentrations of nutrients, bacteria, and suspended sediment in the water column. Water-quality samples were collected in June 2001 from the Maquoketa River and the downstream reach of Lake Delhi (site 080 near the dam) and analyzed for pesticides. Water-quality samples were collected in June and September 2001 from the Maquoketa River, lake, and tributary sites and analyzed for major ions and trace metals.
A detailed examination of each of the sources of contaminants to Lake Delhi is beyond the scope of this report. The study results described in this report are not exhaustive but rather a first assessment of Lake Delhi. 
METHODS OF STUDY
The bathymetric mapping incorporated a combination of global positioning system (GPS) technology and echo sounding to determine the lake-bottom surface. Seven lake bottom cores were collected at seven sites (016, 020, 024, 050, 062, 065, and 068) for trace element analysis ( fig. 1) . Water-quality samples were collected five times at eight sites from June 2001 through July 2002 ( fig.1 )-one site on the Maquoketa River (site 010, upstream from Lake Delhi), three sites in Lake Delhi (sites 020, 050, and 080), and four tributary sites (sites 015, 030, 040, and 070). All sites in the report are identified by a local (three digit) site number (figs. 1-5) that corresponds to a standard (eight digit) USGS surface-water station number (tables 5-13).
Bathymetric Mapping
Bathymetric mapping was accomplished by use of GPS equipment, echo depth-sounding equipment, and HypackMax computer software. The HypackMax software is used to interpret and combine the depthsounding data with the GPS data. Initial measurements determined the elevation of the surface of the lake referenced to National Geodetic Vertical Datum (NGVD) of 1929 using a triangulation process by establishing reference points using GPS and rover-receiving (mobile) units. Lake-surface elevations were collected each day compared to known reference points-a downstream location at the dam and an upstream location at the northwest corner of the lake. The downstream lake reference point is located on a steel piece of angle iron on the right bank upstream side of the dam. The upstream lake reference point (at the northwest corner of the lake) is located on the top of a section of conduit at the end of the private boat ramp located just off 197 th Avenue (near coring site 016). The reference points were established using the ASH-TECH GPS system. These elevations were referenced to known benchmarks at two separate locations in Delaware County. The accuracy of these reference points is + 0.03 ft.
The bathymetry and elevation data were collected from July 17-20, 2001, and July 24-25, 2001 . There was a slight elevation drop between the upstream and downstream end of the lake-surface elevation, which was approximately 0.50 ft. The HypackMax software compensated for this slope difference in all calculations. The lake-surface elevation accuracy was + 0.20 ft. The lake-surface elevation during data collection varied from 896.52 to 895.93 ft at the downstream location (the dam) and from 895.31 to 896.06 ft at the upstream location (off 197th Avenue). These fluctuations in lake surface-elevation do not affect the accuracy of the bottom elevation due to the time tagging (from the elevation and time recorded at the reference points) that the HypackMax software calculates. This process subtracts the depth from assigned elevation from the time-tagged values. When the lakesurface elevation changes, so do the depths; however, the bottom elevation remains constant even though the surface elevation of the lake may change.
Equipment used in the data collection included a boat, an echo sounder, a GPS system, and a laptop computer. A 14-ft flat-bottom boat was used for most of the data collection, and a canoe was used in the shallower water where the 14-ft boat was unable to navigate. Depths were measured by a Bathy 500 MF echo sounder (Ocean Data Equipment Corporation, Providence, Rhode Island). The echo sounder emitted pulses of sound that reflected off the lake bottom and were received by a transducer. Traveltimes were calculated taking into account the water temperature and speed of sound to determine the depth of water. The echo sounder transmitted at a frequency of 200 kilohertz. This is an ideal system for the Lake Delhi study due to the smooth and generally hard bottom of this lake. The only limitation was that this echo sounder would not measure depths less than 3.30 ft. When the depths were less than 3.30 ft, the depths were determined by hand using a USGS wading rod marked in 0.10-ft increments. The accuracy of these measurements was 0.05 ft. Position was determined by marking GPS points as depth readings were collected. The manual determination of shallow depths was labor intensive, but resulted in detailed measurements in many areas the echo sounder was unable to measure. Quality-control checks were performed on the echo sounder each day to make sure it was calibrated correctly.
A bar check on the echo sounder was performed at the start of each day following established protocols (U.S. Army Corps of Engineers, 1994, chapter 9). The bar check involved lowering a 2-ft-diameter flat piece of 3/8-in. thick aluminum plate suspended directly below the echo sounder. The plate was lowered to the maximum survey depth, and the speed of sound was adjusted to match the true depth. The plate was lowered and raised until the full range of the survey was correct. A check was performed on the offset value, which is related to the draft (depth at which the bottom of the echo sounder is below the lake surface). Each offset was stable and did not vary by more than 0.30 ft.
The GPS system used on the boat was connected to the echo sounder through the laptop computer. The GPS system measured a time-tagged latitude and longitude location-that was differentially corrected to improve the accuracy-for data received from the echo sounder. The GPS allowed for accuracies of about 3.28 ft (approximately 1 m) in the horizontal direction.
The HypackMax software was used for survey planning, survey execution, data storage, and editing. The HypackMax software interpreted and coordinated all the GPS and depth data received from the GPS and echo sounder units. Every individual depth had a unique latitude and longitude associated with it that was recorded by the HypackMax software. The software also was used to generate a preliminary bathymetric map of the lake bottom. The field crews were able to view the depths collected in real time on the monitor of the laptop computer. Real-time data monitoring allowed evaluation of any abnormal data spikes or depths. Depths of the lake were measured along approximately 300 uniformly spaced cross sections over the entire 7.5-mi length of the lake. Depths were measured at more than 300,000 points.
Bathymetry data were obtained by subtracting the depths at each location from the reference surface elevation of the lake, and data were exported to a flat-file or ASCII (American Standard Code for Information Interchange) format. This file contained latitude, longitude, and depth to the lake bottom for the data points. The latitude and longitude locations had the following projection parameters: Universal Transverse Mercator, zone 15, datum WGS84. Using a geographic information system (GIS) software package, ArcInfo, a point coverage representing discrete point locations of bathymetry was created. This point coverage then was used to generate a three-dimensional surface representing depth to the lake bottom. This surface then was contoured. The contours were reviewed, and the surface was adjusted to correct for interpretive errors and the process repeated as needed.
Sediment Sampling and Analysis
Lake-bottom sediments were cored at seven sites on Lake Delhi ( fig. 1) Surveying, Lansing, Iowa, written commun., October 1, 1999) and the Lake Delhi Association had indicated future dredging might be necessary. A latitude and longitude position was determined at each site using a handheld GPS receiver. Water depths were less than 5 ft deep in the areas selected for coring. The liner used in the corer was cellulose acetate butylate transport tubing with an inside diameter of 2.62 in.
Initially, a Benthos gravity corer mounted on a pontoon boat was used, but the shallow water did not allow the Benthos corer to gather enough momentum to fully penetrate the bottom sediment. Instead, all cores were collected by driving the core liner into the bottom sediment by hand. The core liner was driven until refusal or until pre-lake bottom material was encountered (bedrock or glacial till).
Cores ranged from approximately 2 to 5 ft in length and were transported to the USGS sediment laboratory in Iowa City, Iowa. Cores were numbered in a downstream order and identified by an eight-digit USGS station number, local name, and local site number. For example, the upstream-most lake core was from station 05417175, Lake Delhi at Greenslades, local site 016. Core numbers and station numbers increased in downstream order.
In the laboratory, each core liner was split lengthwise to expose the sediment for sampling and description. A total of 20 sediment samples from the seven cores were analyzed for selected trace-metal and phosphorus constituents. Each core was measured in tenths of feet from the bottom of the core (0.0 ft) to the top of the core (nearest the sediment/water interface). Two to four sediment samples were selected from each core starting at the base of the core (0.0 ft) and moving upwards. Sediment samples for analysis were typically collected every foot or where there was a change in the sediment type within the core. The presence of prelake bottom material was determined by a change in particle-size composition of the sediment indicating the presence of glacial till. The till had a brown color and a compacted texture.
Sediment samples (from the seven cores) selected for analysis were labeled (station number, date, time, and depth interval) and were shipped by overnight express on ice to the USGS National Water-Quality Laboratory in Denver, Colorado, for chemical analyses. Table 1 lists the sediment constituents analyzed, Chemical Abstract Registry (CAS) number, USGS National Water Information System (NWIS) database code, and minimum reporting level (MRL). The MRL is determined by the laboratory as the lowest concentration at which a constituent can be accurately be measured.
Water-Quality Sampling and Analysis
Water-quality samples were collected at eight sites ( fig. 1 )-one site on the Maquoketa River upstream from the lake (station 05416900, site 010), three sites on Lake Delhi (station 05417200, site 020; station 05417320, site 050; and station 05417480, site 080), and suspended sediment. A few samples were collected to provide a limited assessment of major ions, trace metals, and pesticides in the water column. A one-time sampling for major ions and trace metals in the water column was done at all eight sites in September 2001. Two samples were collected for pesticides-one (June 2001) at the Maquoketa River site (station 05416900, site 010) and one at the upstream Lake Delhi site (station 05417480, site 080). All water samples were collected using USGS protocols (Shelton, 1994; U.S. Geological Survey, 1998) . Water samples for analysis of nutrients, major ions, and trace metals were filtered onsite through a 0.45-µ capsule filter. Water samples for analysis of pesticides were filtered onsite through a 0.70-µ glass-fiber filter.
Physical properties (specific conductance, pH, temperature, turbidity, dissolved oxygen, and alkalinity) were recorded at each site. Samples for bacteria analysis (total coliform and E. coli) were collected by membrane filtration and incubation at the USGS laboratory Iowa City, Iowa, following standard methods (U.S. Geological Survey, 1998). All water samples (with the exception of samples for bacteria) were shipped overnight on ice to the USGS National WaterQuality Laboratory (NWQL) in Denver, Colorado, for analysis. Water samples were analyzed at the NWQL for dissolved nutrient species that included dissolved ammonia as nitrogen, dissolved ammonia plus organic nitrogen, dissolved nitrate plus nitrite nitrogen, dissolved nitrite nitrogen, dissolved phosphorus, and dissolved orthophosphorus. Dissolved orthophosphorus is the phosphorus species most available for aquatic plant growth and was analyzed in all samples. Total phosphorus is typically sorbed on sediment and was only analyzed in a few water samples. Nitrate as used in this report included the nitrite species as this form of the nitrogen species is typically a small concentration (less than 0.1 mg/L). Suspended-sediment concentrations were analyzed at the USGS sediment laboratory in Iowa City. Table 2 lists the nutrient and bacteria constituents analyzed for in the water column, the Chemical Abstract Registry (CAS) number, USGS National Water Information System (NWIS) database code, and minimum reporting level (MRL). Tables 3 lists the major ions, trace elements, and pesticides analyzed for in the water column, the Chemical Abstract Registry (CAS) number, USGS National Water Information System (NWIS) database code, and the laboratory reporting level (LRL). The LRL is used instead of the 
BATHYMETRY, SEDIMENT QUALITY, AND WATER QUALITY Bathymetry
The results of the bathymetric mapping show a number of areas with shallow water (less than 4 ft deep). In general, Lake Delhi can be divided into four reaches that show increasingly deeper water in a downstream direction toward the dam area. Figures 2 through 5 illustrate the bathymetry for the upstream (A), upstream-middle (B), middle (C), and downstream (D) lake reaches. The upstream reach through most of the upstream-middle reach of Lake Delhi (approximately 3 mi) from about 0.25 mi upstream from the Greenslades coring site through Clair View Acres includes the shallowest areas of the lake, with water depths ranging from less than 1 ft to a few areas as much as 10 ft deep (figs. 2 and 3). In particular, the upstream-most 1 mi of Lake Delhi (from about 0.25 mi upstream from the Greenslades coring site to 0.25 mi downstream from The Cedars coring site is particularly shallow (on average 1 to 2 ft) with some areas only accessible by canoe ( fig. 2) . The middle reach of Lake Delhi (approximately 2.5 mi, fig. 4 ) is less affected by sediment accumulation, with water depths from less than 1 to 16 ft, but near the Linden Acres coring site and Wellman's Camp there are shallow areas that average 2 to 8 ft. The downstream reach of Lake Delhi (approximately 1.75 mi, fig. 5 ) has depths from less than 1 to 26 ft deep. The deepest section measured on the lake was 26 ft just upstream from the dam.
Figures 2 through 5 show indications of the original Maquoketa River channel in Lake Delhi. The deepest part of the lake seems to follow the original river channel. Typically, the shallow parts of the lake were along the inside bank curves of the lake (inner area of the bank curve when looking in a downstream direction). Perhaps the flow through the lake could be following the old river channel where water velocities would be slower on the inner bank side of a curve. The slower velocities allow sediment to "drop out" of suspension and accumulate near the inner bank side. The bathymetric maps also show the possible sediment accumulation near the mouths of three tributaries that discharge into Lake Delhi. The mouths of the three tributaries-an unnamed tributary ( fig. 3 ), Turtle Creek ( fig. 4) , and an unnamed tributary northwest of Turtle Creek ( fig. 4 )-all have shallow (less than 1 to 4 ft) water where the tributaries merge with Lake Delhi. The sediment from Turtle Creek appears to be accumulating just downstream from a small island near site 050 ( fig. 4) . Possibly, the island acts as an obstacle further slowing water velocities and allowing sediment to accumulate. The water level between the island and the west bank is currently too shallow to boat through; however, long-time lakeside residents have reported that 20 years ago a boat could pass through on the west side of the island. Line of equal depth to lake-bottom sediment-Interval is 2 feet. Datum is lake surface (896.0 feet above NGVD of 29)
Topographic contour-Shows elevation of land surface. Contour interval 10 feet. Datum is NGVD of 29
Water-quality sampling site and local site number Lake-bottom core sampling site and local site number Lake-bottom core and water-quality sampling site and local site number The tributary streams typically have small streamflows (less than 1.0 ft 3 /s); however; the tributary streams can carry large volumes of sediment during storm runoff. For example, during storm runoff (September 2001) Turtle Creek transported more than four times the sediment load compared to nonrunoff (July 2002) conditions. Sediment loads and yields for the Maquoketa River and tributary streams are discussed in more detail in the "Water Quality" section of this report, and results are tabulated in table 8 of that section.
Sediment Quality
The USEPA has established sediment-quality guidelines in the form of "level-of-concern concentrations" for several trace metals (U.S. Environmental Protection Agency, 1997). These level-of-concern concentrations were derived from biological effects correlations made on the basis of paired onsite and laboratory data to relate incidence of adverse biological effects to dry-weight sediment concentrations. Two such level-of-concern concentrations defined by the USEPA are the threshold effects level (TEL) and the probable effects level (PEL). The TEL is the smaller of the two levels of concern and is defined as the concentration below which toxic biological effects rarely occur. At concentrations above the PEL, toxic effects typically occur. In the range of concentrations between the TEL and PEL, adverse effects occasionally occur. Both the TEL and PEL are guidelines to be used as screening tools for possible contaminant effects and are not regulatory criteria. The USEPA (1997) has made this statement because, although biological effects correlation identifies level-of-concern concentrations associated with adverse organism response, the procedure does not demonstrate that a particular contaminant is solely responsible. In particular, chromium concentrations were of interest at Lake Delhi because lakeside residents had mentioned that a tanning factory once operated upstream of Lake Delhi in Manchester, Iowa. Chromium and its salts are typically used in the tanning industry. Chromium in large quantities can cause health problems in humans (Agency for Toxic Substances and Disease Registry, 2002) . It is unknown if the tanning factory ever used or discharged chromium to the Maquoketa River.
The median and average trace-element concentrations in the lake-bottom sediment samples did not exceed the TEL or PEL guidelines as set by the USEPA (table 4). Only one sample from site 016 (Greenslades) contained concentrations that slightly exceeded the TEL guidelines for copper and nickel (table 4). The potential source of the nickel and copper concentrations is unknown. However, nickel and copper are two common metals that naturally occur in soils and commonly are used in the production of metal alloys. Nickel often is used in stainless-steel production, and copper is often used in bronze or brass production. Chromium, a constituent of some concern because of the former tanning factory, did not have concentrations above the TEL or PEL (table 4) .
Water Quality
Nutrients, bacteria, and suspended sediment were the main constituents of concern in Lake Delhi. Nutrients in the tributary streams and Lake Delhi include several species of nitrogen (ammonia, ammonia plus organic, nitrite plus nitrate, and nitrite) and phosphorus (orthophosphate and total phosphorus) that are dissolved in the water or attached to suspended sediment. Nutrients concentrations at specific sites are affected by numerous environmental and human factors such as climate, instream processing (algal growth, biotic uptake, and denitrification in bed material), soil transport, proximity to sources, land use, and magnitude of rainfall and storm runoff. Concentrations of total coliform and E. coli bacteria in the water column may originate from municipal sewage, agricultural wastes, and septic tanks. Bacteria concentrations can vary substantially in type and number depending on proximity to source, concentration of source material, soil type, rainfall, and runoff. Suspended sediment in the lake and the tributaries originates from upland erosion and erosion within the tributaries and lake. Storms can transport large loads of suspended sediment.
Results from the water-quality sampling in the lake and the tributaries show areas that are affected by nutrients, bacteria, and sediment. Table 5 summarizes the water-quality results for nutrients and bacteria collected from the Marquoketa River sampling site upstream from Lake Delhi (site 010), the lake sites (upstream lake site 020, middle lake site 050, and downstream lake site 080), and the tributary sites (030, 040, 060, 070). Sixty-eight percent of the samples collected (17 of 25 samples, table 10 in the "Supplemental Data" section at the end of this report) had nitrate concentrations (nitrite plus nitrate as nitrogen) greater than the 10-mg/L MCL (Maximum Contaminant Level) established by the USEPA (1986) for drinking water. The maximum nitrate concentration recorded was 18.6 mg/L (site 015, unnamed tributary) during the June 2002 sampling (table 10). The E. coli concentrations (that indicate the presence of feces from warmblooded animals) were particularly high (greater than 1,000 colonies per 100 mL) after storm runoff (September 2001) in the watershed (table 10) . Supplemental data tables 9-13 at the end of this report list all the sediment-quality and water-quality data collected for the report.
The median nutrient concentrations were typically higher in the tributary samples than in the river and lake samples (table 5) . Median concentrations of nitrate in samples from the river and tributary sites ranged from 10.5 to 12.1 mg/L, respectively, as compared to a median nitrate concentration of 8.7 mg/L in samples from the Lake Delhi sites. Other studies in eastern Iowa have shown that runoff from livestock waste and fertilizers may rapidly enter tributary streams during storms and increase nutrient and bacteria concentrations in the stream (Schnoebelen and others, 1999; Kalhoff and others, 2000; Becher and others, 2001 ). Livestock (in or near the tributary streams) and fertilizer runoff may be contributing to increased inputs of nutrients and bacteria in the tributary streams compared to those in the lake. Typically, a decrease in nitrate concentrations in Lake Delhi was observed in samples from the upstream lake site (010) to the downstream lake site (080) during each of the sample periods (reading across the columns of table 6). This decrease in nitrate concentrations from upstream to downstream in the lake was most likely the result of uptake of nitrate by algae and aquatic biota in the lake. The one exception to this pattern were the samples collected from Lake Delhi during March 2002 when all sites had similar nitrate concentrations (table 6) . In this case, the March sample collection occurred just after "ice-out" of the lake, and most likely there was little (if any) processing of nitrate by algae. The lack of uptake by algae or other aquatic biota probably resulted in similar nitrate concentrations throughout the lake at this time.
Seasonal variations of nitrate concentrations in Lake Delhi also were found (reading down the columns of table 6), with large nitrate concentration occurring in the samples collected during spring and late spring (May/June) and with small concentrations in samples collected during the summer and late summer (July and September). In eastern Iowa, large nitrate concentrations typically occur in the spring owing to applications of fertilizers followed by spring rain that transports nitrate to streams and lakes (Schnoebelen and others, 1999; Kalkhoff and others; Becher and others, 2001 ). However, as the growing season continues, nitrate concentrations decrease as runoff becomes smaller (less rain) and the agricultural crops use the fertilizer. In addition, aquatic (table 6 ). In general, bacteria concentrations decreased in samples from the upstream to downstream lake sites (reading across the columns, table 7). This decrease most likely was related to the decrease in sediment particles settling out because bacteria often are attached to sediment particles. However, exceptions to this occur during runoff. During the September 2001 sample collection, rainfall caused runoff at the downstream lake site, and the bacteria concentrations quickly increased at this site. Typically, large bacteria concentrations were related to runoff, and no seasonal patterns were noted. The one exception to this was the March 2002 sample collection that occurred during ice-out when the weather was still cold and no runoff was entering the lake. The combination of no runoff and colder temperatures resulted in the lowest bacteria concentrations measured for this report.
Sediment was a constituent of concern. Suspended-sediment concentrations and instantaneous loads and yields were calculated for the Maquoketa River and the four tributary water-quality sampling sites (table 8 ). An instantaneous load is the concentration of the suspended sediment multiplied by the streamflow (discharge) at the time of sediment collection. The load number helps identify how much sediment a stream is transporting. The sediment yield for a drainage area is the instantaneous load divided by the drainage area. The sediment yield for a drainage area is particularly important because the sediment yield allows a comparison that can identify the relative contribution of sediment by an area.
The results from the suspended-sediment analyses indicated large loads of sediment being transported to Lake Delhi from the Maquoketa River. Sediment loads calculated for the Maquoketa River (station 05416900, site 010) during the five sampling periods had loads that ranged from 12,600 to 98,000 lb/d (table 8) . Loads for the tributary streams were smaller and ranged from 0.1 to 5,300 lb/d (table 8) . However, some of the tributary streams were shown to have high yields during rainfall and runoff. The unnamed tributary site 030 had the highest sediment yield (2,300 lb/mi 2 ) of any site during runoff in September 2001 (table 8) . In general, (170) 68 (4) 291 (0) Late summer (September 2001) E 25,000 (M1) 1,900 (1,000) S13,000 (E1,900) the watershed upstream from site 030 has little if any riparian zone near the stream. Typically, a larger riparian zone near a stream provides beneficial effects to water quality in the stream (Sorenson and others, 1999) . The loads from the tributary sites may be small when compared to the input from the Maquoketa River, but on a yield basis, the tributaries can contribute substantial amounts of sediment during runoff (table 8) .
Additional Water-Quality Data
Additional water-quality data include the analytical results of two pesticide samples and a one-time sampling of major ions and trace metals that are listed in tables 9-13 in the "Supplemental Data" section at the back of this report. The pesticides detected were acetochlor (0.024 and 0.179 µg/L), alachlor (0.007 µg/L), atrazine (0.613 and 1.48 µg /L), and metolachlor (0.142 and 0.448 µg /L). Other pesticides were not detected (table 12) . Acetochlor, atrazine, and metolachlor are the three most commonly used pesticides in eastern Iowa and are typically the most frequently detected (Akers and others, 2000; Kalkhoff and others, 2000) . In general, the results of the majorion and trace-metal data also were typical of results collected from other streams in eastern Iowa for these constituents. Large concentrations of trace metals in the water column that might pose a human health concern were not detected.
SUMMARY AND CONCLUSIONS
Since 1973, the increased population around Lake Delhi, the increased recreational use, and possible contaminant inputs (point and nonpoint sources) are of concern to lake users. In particular, inputs of nutrients (nitrate, ammonia, and phosphorus), bacteria, and sediment can negatively affect water quality and recreational use of Lake Delhi. Increasing concerns of sediment deposition and water quality by lakeside residents led to the study described in this report that included a bathymetric survey and an assessment of sediment quality and water quality of Lake Delhi. The USGS conducted the study from June of 2001 through July 2002.
A bathymetric map of Lake Delhi was constructed using over 300,000 data points from echo-sounding results and GIS software. Results of the bathymetric mapping showed that the upstream reach through most of the upstream-middle reach of Lake Delhi (approximately 3 mi) from about 0.25 mi upstream from the Greenslades coring site through Clair View Acres were the shallowest areas of the lake, with water depth ranging from less than 1 ft to a few areas that were as much as 10 ft deep. The upstream-most 1 mi of Lake Delhi (from about 0.25 mi upstream from the Greenslades coring site to 0.25 mi downstream from The Cedars coring site) was particularly shallow (on average 1 to 2 ft) with some areas only accessible by canoe. The middle reach of Lake Delhi (approximately 2.5 mi) was less affected by sediment accumulation with water depths ranging from less than 1 to 16 ft, but near the Linden Acres coring site and Wellman's Camp the lake had shallow areas that averaged 2 to 8 ft deep. The deepest section measured in the lake was 26 ft just upstream from the dam. Tributary streams can contribute significant sediment loads during rainfall and runoff. Bathymetric mapping indicated that the deeper areas of the lake may follow the original Maquoketa River channel.
Eleven trace metals and phosphorus were analyzed in 20 samples collected from seven bottom-sediment cores. The median and average concentrations from the lake bottom sediments did not exceed the threshold-effects-level or probable-effects-level guidelines for toxic biological effects established by USEPA. Chromium, a constituent of some concern (because of possible use in a former tanning factory in Manchester upstream from Lake Delhi) did not occur in concentrations that exceeded the threshold-effects-level or probable-effects-level guidelines.
Water-quality samples were collected at eight sites-one site on the Maquoketa River upstream from the lake, three sites on Lake Delhi, and four tributary sites. Each of the eight sites were sampled five times- Results from the water-quality sampling of the lake and tributaries showed areas that have been affected by nutrients and bacteria. The tributary streams had the highest median nitrate concentrations (12.1 mg/L) when compared to median nitrate concentrations in the lake (8.7 mg/L) or the Maquoketa River (10.5 mg/L). The maximum nitrate concentrations occurred during the spring, with 13.5 mg/L in a sample from the Maquoketa River, 13.5 mg/L in a sample from upstream lake site, and 18.6 mg/L in a sample from a tributary site. Median nitrate concentrations during the late summer decreased in samples from upstream (7.8 mg/L) to the downstream (5.0 mg/L) reaches of Lake Delhi, indicating possible instream processing of nitrate by algae and other aquatic organisms.
Median concentrations of total and E. coli bacteria in samples from the lake sites were 450 and 17 colonies per 100 mL, respectively. The highest bacteria concentrations observed in lake samples were 25,000 total coliform per 100 mL (upstream lake site) and 1,900 E. coli per 100 mL (downstream lake site) after a rain and subsequent runoff (September 2001). Median total coliform and E. coli concentrations in samples from the tributary sites had the highest bacteria counts (of all sites) and were 8,200 and 1,600 colonies per 100 mL, respectively. In general, the tributary sites have small (less than 200 ft wide) riparian zones near the stream and agricultural land commonly adjoins the tributary streams. Runoff from livestock waste and fertilizers can enter tributary streams rapidly during storm runoff increasing nutrient and bacteria concentrations in the stream. Livestock in or near the tributary streams can contribute to increased inputs of nutrients and bacteria compared to those in the lake. Typically, a decrease in nitrate concentrations in Lake Delhi occurred in samples from the upstream lake site (010) to the downstream lake site (080) during each of the sample periods. The decrease in nitrate concentrations in samples from the upstream lake site to the downstream lake site was most likely the result of uptake of nitrate by algae and aquatic biota in the lake.
Seasonal variations of nitrate concentrations in samples from Lake Delhi also were found, with larger nitrate concentrations (8.49-13.5 mg/L) occurring in the late spring (May/June) and smaller concentrations (5.0-7.8 mg/L) in the middle to late summer (July and September). In Iowa larger nitrate concentrations typically occur in the spring due to applications of fertilizers followed by spring rain that mobilize large concentrations of nitrate to streams and lakes. However, as the growing season continues nitrate concentrations decrease as runoff becomes smaller (less rain) and as agricultural plants grow and use more of the fertilizer. In addition, aquatic plants process much of the nitrate that moves to streams and lakes in Iowa during the summer and early fall.
In general, bacteria concentrations decreased from the upstream to downstream lake sites. This reduction was most likely related to the decrease in sediment particles settling out as bacteria often are attached to sediment particles. However, exceptions to this observation occurred during rainfall and runoff conditions. For example, during the September 2001 sample collection, rain caused runoff at the downstream lake site (site 080) that quickly increased the bacteria concentrations at this site to 13,000 total coliform colonies per 100 mL and 1,900 E. coli colonies per 100 mL. Typically, the larger bacteria concentrations recorded during the study were related to runoff, and no seasonal patterns were noted. 
